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I. TNTRODUCTION 

The general area of adsorption of gases on solids at low pressures 
(< 10-6 t o r r )  either has been shown or suspected t o  play an important ro le  i n  
diverse aerospace phenomena. 
of gutgassing rates of solids a re  c i ted as relevent examples. 
essentially no def ini t ive experimental. data exis ts  fo r  the adsorption of gases 
at low pressures on alloys. 
in i t ia ted  under the  1967 NASA-ASEE program at the  NASA-Langley Research Center. 
Specifically, the  adsorption of argon and nitrogen on s ta inless  steel was 
investigated at 1 9 5 O  K and 3 0 3 O  K i n  the pressure range lod t o  10-7 tor r .  

The cold welding of solids and the  measurement 
However, 

The present work is a continuation of work 

1. Apparatus.- Some of t he  components of the  a-pparatus used during the  
1967 NASA-ASEE program w e r e  t he  same as used i n  the  current program. 
there w e r e  enough significant differences i n  the  apparatus and procedure such 
tha t  direct  referencing of reference 1 was not always possible. 
diagram of the apparatus constructed for t h e  current program is s h m  i n  
figure 1. 
apparatus i s  shown i n  the photograph i n  figure 2. 
of an adsorption vessel (AV), a storage vessel (SV), and a gas i n l e t .  
inlet consisted of a variable inlet valve (V3), a l iquid nitrogen cooled t r ap  
(Tr) ,  a gas source (Ta), a valve (Vs), and a mechanical pump (P) , 
adsorption vessel and the  storage vessel were connected t o  a chamber (T) by 
valves (V4) and (V,), respectively. 
connected direct ly  t o  the  chamber (T) .  The Orb-ion pump was not functional 
at pressures > 10-3 t o r r  as monitored by a thermocouple' gage (TC) . 
i n  the system of 5 10-3 t b r r  were  achieved within 7 minutes by use of a liquid 
nitrogen cooled sorption pump (SP1) connected by the  system through valve (V6). 

However, 

A schematic 

The actual 
The test system consisted 

The symbols re fer  t o  components described. i n  table 1. 

The gas 

The 

The Orb-ion pump (OIP) ( ref .  2) was 

Pressures 

Sorption pump (SP2) was used as a reserve i n  case the  

exceeded the capacity of (SP1). However, the  reserve 
load i n  the system 

p p p  was not used. 
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The wall of t h e  cylindrical  stainless steel adsorption vessel served as 
orbent. The volume of the  adsorption vessel was 3.46 1. and t h e  

calculated geometric area was 13-30 cm2. 

made at  195' K and at 303' K. 
t he  adsorption vessel completely with crushed dry ice .  
mentg except dry i ce  temperatures were made with chromel-alumel thermocouples 
and were recorded on a Bristol  recorder. 
following points 2 

The volumes of the  doser an8 storage 
Adsorption measurements were vessel w e r e  3.51 cm 3 and 3.96 1.) respectively. 

The lower temperature was achieved by surrounding 
A l l  temperature measure- 

Thermocouples were located at the 

(1) Adsorption vessel (AV) 
(2) Doser (D) 
( 3 )  Storage vessel (SV) 
(4) Tubulated gage (q) 
( 5 )  Valve (v4) 
6 Chamber (T) 14 k Y : 0 2 L p  (top)(OIP) 
9 ) Orb -ion pump (bottom) (OIP) 

(10) Variable in l e t  valve (V,) 

Pressures i n  the  storage and adsorption vessels were measured with a 
tubulated Veeco RG 75K ionization gage (TGl) and a nude Varian W - 1 4  
ionization gage, (NG1), respectively. 
tubulated Veeco and nude Varian, respectively, and w e r e  placed i n  the  system 
t o  be used i n  case of f a i lu re  of e i ther  (TGl) or (NG1). 
was normally se t  at 1 ma fo r  the  Veeeo gage and at  4 ma fo r  the  Varian gage. 
The manufacturer's recommended sett ings f o r  the Veeco and Varian gages a re  
10 ma and 4 ma, respectively. 
Typical. bombing conditions were as follows: Varian - grid current, 84 ma; 
Veeco - filament voltage, 6 V; grid voltage, 800 V; grid current, 100 m a .  
gages w e r e  bombed f o r  15 minutes followed by a cool-down period of at least 
2 hours. No attempt was made t o  determine at what point i n  the  test  series 
gage cleanup should be in i t ia ted .  The gages were cleaned at least once and 
sometimes twice daily. The ent i re  t e s t  system was baked at  230° C (45O0 F) 
fo r  18 hours if pressures < 
readily . 

Gages (E2) and (NG2) were also a 

The emission current 

Both gages w e r e  cleaned by electron bombardment. 

The 

t o r r  i n  the  adsorption vessel were not reached 

2.  Gases.- Research grade argon (99.9995 percent min.) was obtained from 
the  Matheson Company and used without further pretreatment. 
( o i l  f ree)  nitrogen was obtained from the Southern Oxygen Company and the  
following percentage composition noted: 
Ar - 0.06 percent; %O - 0.002 percent; N2 - balance. 
through a l iquid nitrogen t r a p  ( T r )  prior t o  use. 

Seaford grade 

O2 - 0.002 percent; Hg - 0.05 percent; 
Nitrogen was passed 

3 .  Procedure.- I n  a typical  experimental run for  t he  adsorption measure- 
ments, t h e  ini t ia l .  configuration would be valves (V,), (Vh), and (V ) opened, 5 

sed. Valve (V,) was closed at 20 inch-pounds. 
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The pressures i n  the  adsorption and storage vessels i n  the  i n i t i d  conf'iguratign 
were t y p i c U y  < 5 x lodo and < 1 x 10-9 t o r r ,  respectively. The gas inlet 
system was first flushed repeatedly with t he  test  gas t o  insure minimum con- 
tamination. A f t e r  closing valve (V,) at an undetermined torque, gas was bled 
in to  the  storage vessel through valve (V ) u n t i l  a convenient pressure was 
reached, typically lo3 t o r r .  The preasure i n  the  storage vessel was monitor@ 
by gage (TGl) and was recorded as a function of time on a calibrated Sanborn 
recorder (Model 150-1000) . Parenthetically, the  pressure-time data obtained 
was used t o  calculate t he  pumping speed of argon and nitrogen by gage (TG,). 
Valve (V,) was then closed and a cycle designated (1-4) was i n i t i a t ed  whereby 
valve (V4) was closed at 10 foot-pounds: 
30 inch-pounds: step 2; v d v e  (V ) was opened: s tep  3j  and, valve (V ) was 
cxosed then at 20 inch-pounds after 10 seconds: step 4; i n  that order.* 
the  test gas i n  doser (D) of known volume at  a pressure equal t o  that i n  the 
storage vessel (Psv) expanded in to  the adsorption vessel of known volume t o  a 
f i n a l  pressure (PAv). The pressure i n  the adsorption vessel w'as monitored by 
gage (NG1) and was recorded as a function of t i m e  on a calibrated Sanborn 
recorder (Model 150-1500). 
calculate an expansion r a t i o  defined as psV/pAv. 
was inferred from the expansion ra t ios .  

3 

step 1; valve (V,) was closed at 

2 1 
Thus, 

The measured values of PAv and Psv were used t o  
The extent of adsorption 

The adsorption vessel was readied fo r  the next gas dose by opening valve 

The pressure i n  t h e  storage vessel was increased by bleeding 
(V,> t o  reduce the adsorption vessel t o  a law base pressure, typically 
3 x t o r r .  
additional gas through valve (V,). 
down between measurements. 
1 hour. 

Note that the storage vessel was not pumped 
Valve (V,) remained closed fo r  periods up t o  

The following supplementary measurements were made i n  addition t o  the 
adsorption measurements : 

1. 
2. 

3 

The i n i t i a l  configuration f o r  the determination of the outgassing of the 

Valve (V4) was then closed at 10 foot-pounds and the  pressure as 

The outgassing of the adsorption vessel. 
The contribution of the (1-4) cycle t o  the measured pressure i n  the 
adsorption vessel. 
The pumping speeds of argon and nitrogen by gage (TGl). 

adsorption vessel was valve (V,) closed at 20 inch-pounds and valve (Vk) 
opened. 
mpnitored by gage (XGl) was  recorded as a function of time. 
data was used t o  determine the contribution of the  outgassing of the adsorption 
vessel as described i n  section 111-4. 

. 

The pressure-time 

*The fourth step was necessary since valve (V,> leaked even when closed 
allawing gas t o  pass between the storage and adsorption vessels. 
vas not necessasy i n  the previous work (ref .  1). 

This step 



!Phe i n i t i a l  configuration for  the  determination of the  contribution of 
the  (1-4) cycle t o  the measured pressure i n  the adsorption vessel would be 
valves (V,), e same 
torques were used here as i n  t he  adsorption measurements above. The (1-4) 
cycle was then in i t ia ted  whereby valve (Vk) was closed-step 1, valve (V,) was 
closed-step 2, valve (V,) was opened-step 3 and valve (V,) was closed after 
10 seconds - step 4, i n  tha t  order. The pressure i n  the  adsorption verjsel was 
subsequently monitored by gage (HGl) and was recorded as a function of time on 
a calibrated Sanborn recorder (Model 130-1500). 
cycle data i s  discussed i n  section 111-5. 

and (V,) opened and valves (V,) and (V3) closed. 

The treatment of the (1-4) 

The pumping speeds of argon and nitrogen by gage (TGl) w e r e  determined 
simultaneously with the  expansion r a t i o  measurements as described above. 

111. RESULTS 

The resu l t s  of a l l  experiments a re  presented i n  this  section. Some of 
the  experiments were necessarily supplementary t o  the  adsorption measurements. 
For the results of the adsorption measurements the  reader may refer direct ly  
t o  sections 111-7 and 111-8. 

1. 
was  maintained at 303 * 2O K (32 k 2' C) (90 k bo F) except when surrounded 
w i t h  dry ice .  
was then assumed to be  sublimation temperature of dry ice, which is  1 9 5 O  K 
(-78' C )  ( -lao F) . 
301 + 1' K (28 k 1' C)(82 2' F) .  
upon the emission current a t  which the  ion pump was operating. 
of the chamber was 322 k 3' K (49 k 3O C) (121 k 7' F) and 313 k 3' K (40 - + 2O c) 
(105 * 5 O  F) at emission current set t ings of 50 and 30 ma, respectively. 

Temperature measurements. - The temperature of the adsorption vessel 

The temperature of t he  adsorption vessel at the lower temperature 

The temperature of the storage vessel was maintained at  
The temperature of the chamber (T) depended 

The temperature 

2. Pressure capabi l i t ies  of system.- The pressure i n  the system was 
significantly effected by the emission current at  which the  ion pump was run. 
The effect of increasing the emission current from 30 t o  50 ma on the  pressure 
i n  the adsorption vessel is  seen i n  f igure 3 .  
observed as the  emission current was increased could be attr ibuted t o  a higher 
outgassing rate as the  temperature of t he  chamber (T) increased (see preceding 
section).  

The increase i n  pressure 

3. Outgassing r a t e  of the  storage vessel.- The outgassing rate of the  
storage vessel was measured at  an emission current of 1 ma on gage (m1) since 
pressure measurements i n  the storage vessel during the adsorption runs were 
also made at l m a .  The nitrogen equivalent based value of the  outgassing r a t e  
of the storage vessel at  301' K was 7.5 x 
pressure of 2 x 10-9 t o r r .  

torr-1 sec-' cmg2 fo r  a base 
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During t h e  adsorption measurements, base pressures i n  the storage vessel 

The 
prior t o  closing w v e  (V The 5 
highest outgassing would be observed at  base pressures of 2 x 10-9 t o r r .  
storage vessel was closed f o r  periods up t o  100 min. 
outgassing of the storage vessel after t h i s  period could be 2 x 10-7 t o r r .  

s is  two (2) decades lower than the l a re s t  pressures at which gases were 
roduced in to  the .storage vessel f o r  the  &dsorption measurements. Therefore, 

it i s  concluded that outgassing of the  storage vessel would not affect  pressure 
measurements i n  the  storage vessel during the adsorption runs. 

ranged f i a m  4 x 10-10 t o  2 x 10-9 t o r r .  

The pressure rise due t o  

4. Outgassing of the adsorption vessel.- Closing valve (V4) produced a 
pressure change i n  the  adsorption vessel at 303O K. i c a l  pressure-time 
t race obtained on closing valve (V4) is  shown i n  figure The dashed l i n e  
i n  figure 4 is not meant t o  indicate an actual pressure change but the time 
interval over which the  pressure scale on the controller was changed t o  
anticipate the  pressure r i s e  on expansion. 
appreciable gage pumping. 
120 seconds a f t e r  closing valve (V4).* 
a t  120 seconds were proportional t o  the base pressure in  the  adsorptian vessel 
prior t o  closing valve (V4) as shown i n  figure 5. 
on the order of 10-9 t o r r  were realized simply by closing valve (V4). 

A t 

The decrease i n  pressure suggests 
For purposes of comparison, pressures were noted 

The value of the interpolated pressures 

Hence a f t e r  2 min. pressures 

Closing valve (V4) a l so  produced a pressure change i n  the adsorption 
vessel at 195O K. A similarly shaped pressure-time trace was obtained at the 
lower  temperature. 
closing valve (V4) were also proportional t o  the'base pressure i n  the  adsorp- 
t ion vessel prior t o  closing valve (V4) as sham i n  figure 6. However, values 
of the  interpolated pressures were significantly lower by almost a decade at a 
given base pressure at the  larer temperature. 

Values of the  interpolated pressures 120 seconds a f t e r  

An ent i re ly  different trace was reported (ref. 1) on closing valve (V4).  
There an increase i n  pressure w i t h  time was noted rather than a decrease. 
h e  author can make no further comment on th i s  point. 

5 .  Pressure contribution of (1-4) cycle.- The mechanical manipulation of 
valves (VI, V2, V4) during the (1-4) cycle w i t h  the storage vessel evacuated 
produced a pressure change i n  the adsorption vessel at 303' K. A typical 

*The choice of 120 seconds is somewhat a r b i t r a r y  but i s  used consistently 
As a rule of throughout th i s  section and i n  sections 111-5, 111-7, and 111-8. 

thumb, the formation of a monolayer of adsorbed gas takes about 1 second at 
loD6 to r r .  Thus at loB t o r r  a6 i n  the present work, times of the order of 
100 seconds fo r  adsorption should be observed. 
f e l t  t o  be more r e a l i s t i c  than the extrapolation procedure outlined i n  
reference 1. 
important factor  over a 2 min. time interVal. 

The choice of 120 seconds is 

However, it should be realized that gage pumping may become an 



p r e ~ e u r e ~ t i m e  trace for the  (1-4) cycle is shown i n  f igure 7 .  The times at 
which steps 1 and 3 were in i t ia ted  are indicated i n  f igure 7. This trace is 
similar i n  ehape t o  the  trace obtained on completion of the  (1-3) cycle 
described i n  reference 1. Again, preesures i n  the  adsorption veesel were 
noted 120 seconds af ter  opening valve (V,) - the  th i rd  s tep i n  t he  (1-4) cycle. 
Va1u;)s of the interpolated pressures were direct ly  proportional t o  the  base 
pressures i n  the  adsorption vessel prior t o  closing valve (V4) a8 shorn i n  
f igure 8. A corngarison of figures 5 and 8 has been made graphical 
indicated by the dotted l i n e  i n  figure 8. Thus s tep 1: the  c los i  
(V,) contributes 90 percent of the t o t a l  observed pressure change due t o  t h e  
(1-4) cycle. 

change i n  the adsorption vessel at  195O K. 
t race was obtained a t  the lower temperature. 
pressures i n  the  adsorption vessel were obtained as described i n  the  above 
paragraph and a re  shown i n  f igure 9 .  
a re  significantly lower by almost a factor of 3 at a given base pressure a t  t he  
lower temperature. 
ten t e s t  ser ies .  

The manipulation of valves i n  the (1-4) cycle a lso produced a pressure 
A similarly shaped pressure-time 

Interpolated values of %he 

Again values of the  interpolated pressures 

The l i n e  drawn i n  figure 9 is  an average l i n e  of perhaps 
Pressure corrections were interpolated from l ines  representing 

single test  series.  

6. ~ a @ ;  e pumping speeds of argon and nitrogen.- The necessary data t o  
calculate pumping speeds was obtained routinely during the adsorption measure- 
ments hence pumping speeds were calculated for argon and nitrogen. 
pressure-time trace used i n  the  calculation of the pumping speed of argon is  
shown i n  figure 10. 
at  1 and 10 m a  i n  gage ( T G ~ )  was 1.2 x log3 and 8.6 x loe3 1 sec’l, respectively. 
A typical pressure-time t race used i n  the calculation of the pumping speed of 
nitrogen i s  shown i n  figure 10. The calculated pumping speed f o r  nitrogen on 
i n i t i a l  exposure at  1 ma i n  gage (T%) was  1.9 x lo-* 1 seem’. 
pumping speed of nitrogen and presumably other gases appears t o  be dependent 

A typical 

The calculated pumping speed for  argon on i n i t i a l  exposure 

The determined 

era1 factors including the length of exposure of t he  gage t o  the t e s t  
the pressure of the test  gas as shown i n  f igure 11. The pumping speed 

It is not possible t o  
of nitrogen i s  seen t o  decrease w i t h  ei ther increasing t i m e  of exposure of 
gage (TG1) t o  nitrogen or increasing nitrogen pressure. 
separate t h e  two effects of t i m e  and pressure from the available da;ta. 
same effect had been noted previously (ref. I). 
a re  thus specified for i n i t i a l  exposure of a gas t o  gage (TG1). 

adsorption was inferred from the  calculated expansion ratios. 
r a t i d  was defined as the  pressure i n  the  storage vessel before expansion t o  
the pressure i n  t h e  adsorption vessel after expansion or (P /P ). Adsor 
of a test  gas would result i n  a larger expansion r a t i o  re la t ive  t o  a 
reference gas since (PAv) would be reduced on adsorption. 

The 
The values of pumping speeds 

7. Adsorption measurements (expansion ra t ios )  f o r  argon.- The extent of 
The expansion 

sv AV 

Argon was chosen as 



a reference gas. It w&s assumed that no physisorption of argon o 
r o b  temperature on stainless steel on the  basis of t he  results r 
the author (ref, 1). 

' The expansion. r a t io s  (R) using argon calculated from the  measured^ pressures 
i n  the adsorption vessel and doser we shuwn i n  table TI. 
adsorption vessel (TAv) at  the t i m e  the expansion r a t i o  was determined is  
indicated in column 3 .  
t o  closing valve (V4) - the f irst  s tep i n  the  (1-4) cycle - is  indicated i n  
column 4. 
the  recorded pressures 120 seconds after opening valve (V ) - the third step 
i n  the  (1-4) cycle. 
argon at  195' K and 303 K are sham i n  figures 12a and 12b. V a r i o u s  parts of 
figures 12 and 13 are labeled t o  aid i n  seeing how the results Were obtained 
from eqerimental  data. A s  noted i n  section 111-5 the mechanical manipula- 
t i on  of valves (V,), (V,), and (V,), with the storage vessel evacuated, intro- 
duced a significant quantity of gas in to  the adsorption vessel. 
i n ' t he  adsorption vessel due t o  the (1-4) cycle labeled P14 thue had t o  be 
subtracted from values of P 
eqansion of the tes t  gas. The value of the  contribution of the (1-4) cycle 
(P,,) was determined either by interpolation from figure 8 or f igure 9 or  by 
direct  measurement. 
as ter isk (*) i n  column 5. 
from f i p e  8 or figure 9. 

as"P0rr i n  column 7. The pressure of the gas i n  the doser (P ) is equal t o  
the  pressure i n  the storage vessel (Psv) and that pressure is noted i n  
column 8. The expansion r a t io s  (R)  listed i n  column 9 are the r a t i o s  of Psv 

avprage deviation of only 49 parts per 1000, The calculated expansion r a t i o  
f o r  argon at 199' was 1350 with an average deviation of ll1 pasts per 1000. 
It i s  concluded f r o m  a comparison of the two expansion r a t io s  that no significant 
ad$orption of argon on stainless steel occurs on decreasing the temperature I 

f r 6 m  303' K t o  195' K i n  the pressure ranQe lo8 t o  lom7 torr. 

'Phe temperature of the 

The base pressure (P,) i n  the adsorption vessel prcior 

Pressures i n  the adsorption vessel (PAv) indicated i n  column 6 are 

T icaJ. pressure-time traces  obtain& on expansion of 

The pressure 

t o  obtain corrected pressures due t o  only 
AV 

Directly measured values of P14 are  marked with an 
Values without an asterisk (*) w e r e  interpolated 
Values of P14 w e r e  then subtracted from =lues of 

and pressures i n  the  adsorption vessel corrected f o r  the  (1-4) cycle appear 

, AV D 

P i F .  me calculated expansion r a t i o  f o r  argon at  303' K was 1400 with an 

E It should be noted that the  calculated value of the expansion r a t i o  fo r  
areson a t  303O K does not differ significantly from the  value of 1200 reported 
previously ( re f .  1). 
mqle i n  the apparatus, the procedure, and the  reduction of data. 

The'marked increase I n  base pressure between runs 3 and 4 of 88-66 is 
Indication of the re la t ive ly  slow pumping of argon by the ion pump as contrasted 
to,nitrogen. 
minimize leakage through valve (Vl) and (V2) t o  the adsorption vessel and t o  

The agreement is gratifying especially since changes were 

The storage vessel was pumped out between selected runs t o  
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1. Adsorption of nitrogen does no% occur %o a s l  nificant extent on 8 stainlelea steel  on decreseing the temperature from 303 K t o  195' K i n  the 
preasure range 1 0 ~  t o  10-7 torr .  
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Figure 1.- Schematic of ultrahigh vacuum apparatus. (See table 1 for 
symbol identif icetion) 
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Figure 3.- Effect of change i n  ion pump emission current ( ixp)  
on pressure in adsorption vessel [Bias: 
Emission: 8, Varisn Gage (NG1): i' = 4 ma1 
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Figure 4.- Typical pressure-time trace on closing valve (Vq). 
Data of 8-5-66 (run no. 1) 
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Figure 5.- Pressure i n  adsorption vessel  PA^) a t  303% and 120 aeconds after closing 
a s  a function of base pressure (PB) i n  adsorption vessel prior t o  closing valve (V 

valve (V4). 
4 
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Figure 6.- Pressure i n  adsorption v e s s e l  (PAv) a t  195% and 120 seconds a f ter  c los ing  
valve (Vq) a s  a funct ion of  base pressure (PB) i n  adsorption v e s s e l  pr ior  to  c los ing  
valve ( v ~ ) ~  
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Figure 7.- Typical pressure-time trace for (1-4) cycle. Data of 8-5-66 (run no. 1) 
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'igure 8.- Pressure i n  adsorption vessal (P,,) a t  303% and 120 sec 
valve (VI) - step 3 i n  (1-4) cycle a s  a function of base pressure ( 
V0 8801 to in i t ia t ion  of (1-4) cycle. 
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Figure 9.- Pressure i n  adsorption vessel (PA,) a t  195' K and 120 seconds after opening 
valve (V1) - step 3 i n  (1-4) cycle - a s  a function of base pressure (P,) i n  adsorption 
vessel  prior t o  in i t iat ion of (1-4) cycle. 



L 

0 -@ 80 120 160 200 280 

Time, seconds 

Figure 10.- Pressure i n  storage vessel with Veeco gage (TGl) a t  1 ma emission a s  a 
function of time. 



2.2 

2.0 

1.8 

1.6 

1.4 

1.2 

1.0 

e2 

0 
20 qrt 60 80 100 

Pressure, t o r r  

I 1 1 1 1 1 1 1 
0 800 1600 2qOO 3200 4000 4800 5600 

Time, seconds 

Figure 11.- Prrpfng speed of nitrogen by gage (TGl) a t  1 ma emission 8s 
a function of nitrogen pressure (0) and time after  closing valve 
(V5) (0). Data of 8-2-66 
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Figure 12 (a).- Typical pressure-time trace for the expansion ra t io  of argon a t  303' K. 
Data o f  8-5-66 (run no. 2) 
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Figure 12 (b).- Typical pressure-the trace for the expansion rat io  of argon a t  195' KO 
Data of 8-19-66 (run no. 1) 



-50 0 50 100 150 200 250 

Time, seconds 

Figure 13 (a).- Typical pressure-time trace for  the expansion rat io  of nitrogen a t  303' K. 
Data of 8-2-66 (run no. 5 )  
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.3 (b).- Typical pressure-time trace for the expansion ra t io  of nitrogen a t  195' 
Data of 8-12-66 (run no. 4 )  
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